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LOW INDUCTANCE POWER MODULL
WITH VERTICAL POWER LOOP
STRUCTURE AND INSULATED
BASEPLATES

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. provisional
patent application No. 62/906,253, filed on Sep. 26, 2019,

and entitled “A LIGHTWEIGHT LOW INDUCTANCE
POWER MODULE WITH INSULATED BASEPLATES,”
the disclosure of which 1s expressly incorporated herein by
reference in 1ts entirety.

BACKGROUND

In a conventional power module structure, the die 1s
attached to the substrate. The substrate 1s usually constructed
from an insulated material with a conduction layer on the top
and bottom of the substrate. The conduction layer in the
substrate may be copper or aluminum or an alloy directly
bonded or brazed onto the insulation material. The top
conduction layer provides electrical connections of semi-
conductor switches, capacitors, connection tabs and other
clectrical components that may be included. The substrate
insulation material provides electrical insulation between
the circuit and a cooling and mechanical support structure.
Through the bottom conduction layer, the substrate 1is
attached to the baseplate for mechanical support and heat-
spreading. The baseplate material 1s usually electrically
conductive, such as copper or aluminum or aluminum sili-
con carbide. Then the baseplate 1s pressed to a metal
heatsink through thermal interface material for cooling. In
this conventional design, the power loop stray inductance 1s
large, and the layered structure from semiconductor dies to
heatsink leads to relatively high thermal resistance. For
medium voltage devices, the electric field inside the device
package 1s diflicult to control.

Under high current high-speed switching, voltage over-
shoot requires suflicient voltage margins of the power
devices. Higher voltage rating devices result in additional
cost, higher conduction losses and lower overall efliciency.
The voltage overshoot and subsequent oscillation comes
from the stored energy in the stray inductance of the power
loop. Thus, power loop inductance reduction 1s critical for
high switching speed high efliciency operation with low
overshoot voltage.

It 1s with respect to these and other considerations that the
various aspects and embodiments of the present disclosure
are presented.

SUMMARY

A low inductance power module with low power loop
inductance and high-power density 1s provided. The power
module may include a vertical power loop structure, a
cooling layer, and a thermal dissipation structure. The ver-
tical power loop structure may utilize a substrate bottom
conduction layer for electrical conduction. The thermal
dissipation structure may be disposed between the substrate
bottom conduction layer and the cooling layer. The vertical
power loop structure may include integrated decoupling
capacitors. Alternatively, the structure may include no 1nte-
grated decoupling capacitors. The vertical power loop struc-
ture may include one or more half-bridge structures con-
nected in parallel, each with 1ts own integrated decoupling,
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capacitors. The vertical power loop structure reduces power
loop inductance in the power module, and the thermal

dissipation structure provide electrical isulation, mechani-
cal support and thermal conduction.

In an embodiment, a power module 1s provided. The
power module may include: a vertical power loop structure
comprising a substrate bottom conduction layer for electrical
conduction; a cooling structure; and a thermal dissipation
structure disposed between the substrate bottom conduction
layer and the cooling structure.

Embodiments may include some or all of the following
features. The vertical power loop structure may be a hali-
bridge structure with integrated decoupling capacitors. The
vertical power loop structure may be a hali-bridge structure
without integrated decoupling capacitors. The vertical
power loop structure may include a plurality of half-bridge
structures each with one or more integrated decoupling
capacitors. The vertical power loop structure may include a
plurality of hali-bridge structures each without an integrated
decoupling capacitor. The thermal dissipation structure may
include a plurality of insulated baseplates. The power mod-
ule may include a plurality of vias for conduction layer
interconnection. The power module may include conduction
layer interconnection bonding technology. The power mod-
ule may include a material with a high in-plane thermal
spreading capability between the substrate bottom conduc-
tion layer and the thermal dissipation structure. The power
module may further use lamination technology to reduce a
stacked layer number of the vertical power loop structure.
The lamination technology may include low-temperature
co-fired ceramics (LTCC).

In an embodiment, a power module 1s provided. The
power module includes: a vertical power loop structure
configured to reduce loop stray inductance in the power
module; and a plurality of insulated baseplates configured to
provide electrical msulation and thermal dissipation for the
power module.

Embodiment may include some or all of the following
teatures. The vertical power loop structure may include a
plurality of traces that go through a printed circuit board
(PCB) mmner layer of the vertical power loop structure to
reduce a power loop area. The vertical power loop structure
may include a substrate conduction layer. The plurality of
insulated baseplates may be disposed between the substrate
bottom conduction layer and a cooling structure. The verti-
cal power loop structure may be a halt-bridge structure. The
vertical power loop structure may include, i parallel, a
plurality of half-bridge structures each with one or more
integrated decoupling capacitors. The power module may
include a plurality of metal filled vias for conduction layer
interconnection. The power module may include conduction
layer interconnection bonding technology. The power mod-
ule may include a material with a high in-plane thermal
spreading capability between the substrate bottom conduc-
tion layer and the thermal dissipation structure.

This summary 1s provided to introduce a selection of
concepts 1 a sumplified form that are further described
below 1n the detailed description. This summary 1s not
intended to 1dentily key features or essential features of the
claimed subject matter, nor 1s 1t intended to be used to limait
the scope of the claimed subject matter.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing summary, as well as the following detailed
description of 1llustrative embodiments, 1s better understood
when read 1n conjunction with the appended drawings. For
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the purpose of i1llustrating the embodiments, there 1s shown
in the drawings example constructions of the embodiments;
however, the embodiments are not limited to the specific
methods and instrumentalities disclosed. In the drawings:

FIG. 1 1s an illustration of top view of an example vertical
power loop structure;

FIG. 2 1s an illustration of a side view of the example
vertical power loop structure;

FIG. 3 1s an 1illustration of an example power module
assembly that includes the vertical power loop structure;

FI1G. 4 1s another 1llustration of a side view of the example
vertical power loop structure;

FIG. 5 1s an 1llustration of an example circuit correspond-
ing to the vertical loop structure;

FIG. 6 1s an 1llustration of a top view of an example layout
of a substrate; and

FIG. 7 1s an 1illustration of a side view of example
baseplate that may be used with the disclosed vertical loop
structure.

DETAILED DESCRIPTION

This description provides examples not intended to limait
the scope of the appended claims. The figures generally
indicate the features of the examples, where 1t 1s understood
and appreciated that like reference numerals are used to refer
to like elements. Reference in the specification to “one
embodiment” or “an embodiment” or “an example embodi-
ment” means that a particular feature, structure, or charac-
teristic described 1s included in at least one embodiment
described herein and does not imply that the feature, struc-
ture, or characteristic 1s present 1n all embodiments
described herein.

FI1G. 1 1s an 1llustration of top view of an example vertical
power loop structure 100. FIG. 2 1s an 1illustration of a side
view of the example vertical power loop structure 100. As
shown 1n FIG. 1, the vertical power loop structure 100 1s a
half-bridge structure with a plurality of integrated decou-
pling capacitors 150 (1.e., the capacitors 150A and 150B) in
a substrate 120. More or fewer capacitors 150 may sup-
ported. The capacitors may be connected 1n parallel and/or
in series. In addition, the the structure 100 includes a
plurality of power semiconductor dies (i.e., the semiconduc-
tor dies 110A-110D). More or fewer semiconductor dies 110
may be supported.

In some embodiments, each vertical power loop structure
100 may include a plurality of half bridge structures with
cach half bridge structure connected in parallel. Each half
bridge structure may include integrated capacitors or may
not include integrated capacitors.

FIG. 2 1s an illustration of a side view of the vertical
power loop structure 100. As shown, the structure 100 may
include the substrate 120 and a vertical power loop structure
160. The substrate 120 may have a top layer 121 and a
bottom conduction layer 123. The top layer 121 and bottom
conduction layer 123 may each be made from a material
such as Cu. Other matenials may be used. The bottom
conduction layer 123 of the substrate 120 may be utilized as
a negative DC bus for the structure 100. The bottom
conduction layer 123 of the substrate 120 may be also
utilized as other dc rails for the structure 100.

The substrate 120 may further have an attachment layer
and an insulation layer. The attachment layer may be
between 0.05 mm and 0.3 mm. The msulation layer may be
between 0.254 mm and 1.1 mm. Other sizes may be sup-
ported.
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The substrate 120 may further include a plurality of vias
115 that serve as an interconnection between the top layer
121 of the substrate 120 and the bottom conduction layer
123 of the substrate 120. The vias 115 may be filled with a
material such as Cu. Other matenials may be used. Due to
low thermal conductivity of printed circuit boards (PCB),
substrate materials such as DBC (direct bonding copper),
DBA (direct bonding aluminum), and AMB (active metal
brazing) are preferred.

The metal filled vias 115 may be used for conduction layer
interconnection in the substrate 120. In some embodiments,
bonding technology may be used for conduction layer
interconnections in the substrate 120. A material with a high
in-plane thermal spreading capability, such as graphene,
may be used between the bottom conduction layer 123 and
the baseplate 130. Other materials may be used. Lamination
technology, such as low-temperature co-fired ceramics
(LTCC), may be utilized to reduce a stacked layer number of
the structure 120.

The vertical power loop structure 100 may further include
a thermal interface material (TIM) layer or attachment layer
125. The layer 125 may be located between the bottom
conduction layer 123 of the substrate 120 and a baseplate
130. The layer 125 may be made of a liquid metal material
such as Gallium based alloys. The layer 125 may be attached
using one or more of soldering, sintering, and brazing.

The vertical power loop structure 100 may be used to
reduce overall loop stray inductance. The vertical loop
structure 100 utilizes the bottom conduction layer 123 to
form a complete power loop 160 in the structure 120. As a
result, electrical insulation between the substrate bottom
layer 123 copper and a cooling structure 1s needed. One
example of such insulation 1s the baseplate 130.

The baseplate 130 may be an example of thermal dissi-
pation structure and may be made from a variety of insulated
materials such as ceramic or AIN. The baseplate 130 may
include a plurality of fins 170 to help dissipate heat into a
cooling structure. In some embodiments, the baseplate 130
may have a thickness (not including the fins 170) of between
3 mm and 5 mm. Each fin 170 may have a length of 3 mm
to 15 mm. The cooling structure 1s described further with
respect to FI1G. 3.

Depending on the embodiment, there may be multiple
baseplates 130 1n the thermal dissipation structure. A light-
weight baseplate 130 with good thermal conductivity 1s
necessary for a high power-density power module design.
The thermal dissipation capability and material density of
common baseplate 130 materials are summarized 1n Table 1.
Here, the term specific thermal conductivity 1s used, indi-
cating the thermal dissipation capability per unit mass of the
material. Cu, Al, and AlSi1C are electrically conductive
materials, and AlS1C shows the highest specific thermal
conductivity. The rest in Table 1 are insulated ceramic
materials. BeO has higher thermal conductivity than Al and
AlS1C, and the specific thermal conductivity 1s 1.35 times
that of AIS1C. AIN has similar thermal conductivity to Al
and AIS1C. Thus, by replacing Al or AlS1C baseplates with
AIN ones, the thermal dissipation capability of the baseplate
will not be compromised. The comparison in Table I shows
that AIN and BeO ceramic materials have similar or higher
specific thermal conductivity than Cu, Al and AlSiC. Fur-
thermore, the ceramic material can also provide electrical
insulation between the power module internal electrical
circuitry and a cooling structure. Since BeO powder may
cause health 1ssues to human body, AIN maternials may be
used i some embodiments. The insulated baseplate material
may not be limited to the material listed in Table 1.
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TABLE 1
Thermal Specific Thermal

Material Conductivity Density Conductivity
Cu 398 8.96 44.42
Al-6061 167 2.7 61.85
AlS1C-9 200 3.01 66.45
Al,O5 (96%) 24 3.95 6.07
S1;N, 90 3.17 28.39
AIN 170 3.26 52.14
BeO 270 3.00 90

FIG. 3 1s an 1illustration of an example power module
assembly 300 that includes the vertical power loop structure
100. As shown, the structure 300 includes a cover 305, a
board 307, an assembly fixture 309, a substrate and power
stage 311, a TIM or attachment layer 1235, a baseplate 130,

and a housing 320.

The substrate and power stage 311, layer 125, and base-
plate 130 may comprise the vertical power loop structure
100 described above with respect to FIGS. 1 and 2. The
housing 320 may be configured to receive and protect the
vertical power loop structure 100. In some embodiments, the
housing 320 may be made from a material such as plastic
and may be made using a 3D printing process. Other
materials and manufacturing processes may be used.

The housing 320 may be an example of a cooling structure
that 1s adapted to receive and cool the baseplate 130. The
housing 320 may include a plurality of channels or holes
through which the baseplate 130 may be cooled when the
baseplate 130 1s mserted into the housing 320.

The gate dnive board 307 may include a gate drive that
accepts input from a controller and i1s connected to the
vertical power loop structure 100. The gate drive board 307
and the vertical power loop structure 100 may be secured 1n
the housing 320 by the assembly fixture 309 and the cover
305. The assembly fixture 309 and the cover 305 may be
made from the same material and/or process as the housing,
320. Other materials and processes may be used.

One advantage of the vertical power loop structure 100 1s
the reduction of internal electric fields when compared to
conventional structures. In particular, the vertical power
loop structure 100 reduces internal electrical fields under
both differential mode (DM) and common mode (CM)
voltage excitation. For purposes of comparison, a conven-
tional structure comprising both metal and ceramic base-
plates was considered. The conventional structure included
a substrate thickness of 0.635 mm and a copper thickness 1s
0.3 mm. The conventional structure further included a
baseplate total height of 12 mm, a pin height of 9 mm, and
a distance between the substrate top Cu traces of 1 mm. The
conventional structure was designed for 1200 V S1C MOS-
FETs, so the DM excitation voltage was selected as 900 V.
The CM excitation voltage was selected 2400 V according
to standard IEC 60930. A comparison of electrical fields
strengths for DM and CM voltages of the conventional
structure and the vertical power loop structure 100 1s shown

below 1n Table 2.

TABLE 2
Structure and Excitation P1 [kV/mm)] P2 [kV/mm]
Conventional, DM 900 V 1.55 1.38
Conventional, CM 2400 V 5.31 5.68
Vertical Power Loop, DM 900 V 2.53 2.44
Vertical Power Loop, CM 2400 V 1.59 1.50
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Simulations of the vertical power loop structure 100 show
that DM voltage 1solation 1s provided by the substrate 120.
The CM voltage 1s sustained by the baseplate 130. The
decoupling of the substrate 120 and the baseplate 130 (due
to the TIM 125) provides additional advantages to the
vertical power loop structure 100 over the conventional
structures. The thickness of the substrate layer 120 1s deter-
mined by the maximum electric field strength under DM
voltage. As can be seen 1n Table 2, the field strength of the
vertical power loop 100 1s approximately 50% less than the
conventional structure. A lower field strength allows for
thinner and less expensive material choices for the substrate
120 than can be used in conventional structures. Further-
more, the larger thickness of the baseplate 130 when com-
pared to the substrate 120, further reduces the CM electrical
field strength.

Another advantage of the vertical power loop structure
100 1s a reduction 1n parasitic capacitance. Conventional
power modules typically include a metal baseplate between
the substrate and the TIM layer. Both the baseplate and the
heatsink are made of metal, and the TIM layer 1s electrically
conductive to provide better thermal conductivity between
the baseplate and the heatsink. Because both the heatsink
and the baseplate are grounded to each in conventional
power modules, parasitic capacitances are distributed
between top and bottom copper pads of a substrate of the
conventional power modules.

In contrast, FIG. 4 illustrates how the wvertical loop
structure 100 reduces parasitic capacitance. In some
embodiments, the baseplate 130 may be ceramic and 1nsu-
lated. The isulation forms a serial connected capacitance
between the copper bottom conduction layer 123 and a
ground 410. A current caused by the parasitic capacitance
flows through the capacitors C,,; (1.¢., the capacitor 150A)
and C ,,; (1.e., the capacitor 150C), through the C,,; (i.e., the
capacitor 150B), and into the ground 410.

FIG. 5 15 an illustration of an example circuit 500 corre-
sponding to the vertical loop structure 100. As shown, the
current 1__ (1.e., the current 501) flows 1nto the circuit 500
due to to the applied voltage V__ (i.e., the voltage 503). The
current 501 flows through the capacitors C,,, and C ., (1.€.,
the capacitors 150A and 150C respectively) and then
through the capacitor C,,- (1.e., the capacitor 150B). The
current 501 then exits through the ground 410.

FIG. 6 1s an 1llustration of a top view of an example layout
of a substrate 120. The layout of a conventional substrate
120 1s shown 1nside the dashed line 620, while the layout of
the mmproved substrate 120 of the vertical power loop
structure 100 1s shown 1nside the solid line 610. The layout
of the conventional substrate 120 includes the traces 630A,
6308, and 630C. The trace 630A 15 a negative DC trace, the
trace 6308 1s an AC trace, and the trace 630C 1s a positive
DC trace.

As shown, the layout of the improved substrate 120 of the

vertical power loop structure 100 includes the traces 630A,
630B, and 630C, and an additional trace 630D. The trace

630D 1s a negative DC trace. The addition of the trace 630D
forms the vertical power loop 160 of the substrate 120. In the
example shown, the substrate 120 of the vertical loop
structure 1s approximately 50 mm long and 34 mm wide.
Other sized substrates may be used.

In some embodiments, each of the traces 630 may go
through a PCB inner layer of the substrate 120. This may
result 1n a reduction of an area of the power loop 160 1n the
substrate 120.

FIG. 7 1s an 1illustration of a side view of example
baseplate 130 that may be used with the disclosed vertical
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loop structure 100. As shown, the baseplate 130 has a length
of approximately 50 mm and a height of 12 mm. The
baseplate 130 may also have a width of approximately 34
mm. In some embodiments, the dimensions of the baseplate
130 may match the dimensions of the substrate 120. The
baseplate 130 further includes a plurality of fins 170. In the
example shown, there are 17 fins and each fin has a length
ol approximately 9 mm.

As used herein, the singular form “a,” *“‘an,” and *“‘the”
include plural references unless the context clearly dictates
otherwise.

As used herein, the terms “‘can,” “may,” “optionally,”
“can optionally,” and “may optionally” are used inter-
changeably and are meant to include cases in which the
condition occurs as well as cases 1n which the condition does
not occur.

Ranges can be expressed herein as from “about” one
particular value, and/or to “about” another particular value.
When such a range 1s expressed, another embodiment
includes from the one particular value and/or to the other
particular value. Similarly, when values are expressed as
approximations, by use of the antecedent “about,” 1t will be
understood that the particular value forms another embodi-
ment. It will be further understood that the endpoints of each
of the ranges are significant both 1n relation to the other
endpoint, and independently of the other endpoint. It 1s also
understood that there are a number of values disclosed
herein, and that each value 1s also herein disclosed as
“about” that particular value 1n addition to the value itself.
For example, 11 the value “10” 1s disclosed, then “about 10”
1s also disclosed.

It should be understood that the wvarious techniques
described herein may be implemented 1n connection with
hardware components or software components or, where
appropriate, with a combination of both. Illustrative types of
hardware components that can be used include Field-Pro-
grammable Gate Arrays (FPGAs), Application-specific Inte-
grated Circuits (ASICs), Application-specific Standard
Products (ASSPs), System-on-a-chip systems (SOCs), Com-
plex Programmable Logic Devices (CPLDs), etc. The meth-
ods and apparatus of the presently disclosed subject matter,
or certain aspects or portions thereof, may take the form of
program code (1.e., instructions) embodied in tangible
media, such as floppy diskettes, CD-ROMs, hard drives, or
any other machine-readable storage medium where, when
the program code 1s loaded 1nto and executed by a machine,
such as a computer, the machine becomes an apparatus for
practicing the presently disclosed subject matter.

Although exemplary implementations may refer to utiliz-
ing aspects of the presently disclosed subject matter 1 the
context of one or more stand-alone computer systems, the
subject matter 1s not so limited, but rather may be imple-
mented 1n connection with any computing environment,
such as a network or distributed computing environment.
Still further, aspects of the presently disclosed subject matter
may be implemented in or across a plurality of processing
chips or devices, and storage may similarly be eflected
across a plurality of devices. Such devices might include
personal computers, network servers, and handheld devices,
for example.

Although the subject matter has been described in lan-
guage specific to structural features and/or methodological
acts, 1t 1s to be understood that the subject matter defined 1n
the appended claims 1s not necessarily limited to the specific
teatures or acts described above. Rather, the specific features
and acts described above are disclosed as example forms of
implementing the claims.
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What 1s claimed:

1. A power module, comprising:

a vertical power loop structure formed within a substrate
comprising a substrate bottom negative DC conduction
layer for electrical conduction, a substrate top negative
DC conduction layer, and vias that provide an electrical
interconnection between the substrate bottom negative
DC conduction layer and the substrate top negative DC
conduction layer;

an AC trace disposed within the substrate;

a positive DC trace disposed within the substrate;

a cooling structure; and

a thermal dissipation structure disposed between the sub-
strate bottom negative DC conduction layer and the
cooling structure.

2. The power module of claim 1, wherein the vertical
power loop structure i1s a half-bridge structure with inte-
grated decoupling capacitors.

3. The power module of claim 1, wherein the vertical
power loop structure 1s a halif-bridge structure without
integrated decoupling capacitors.

4. The power module of claim 1, wherein the vertical
power loop structure comprises a plurality of half-bridge
structures each with one or more integrated decoupling
capacitors.

5. The power module of claim 1, wherein the vertical
power loop structure comprises a plurality of half-bridge
structures each without an integrated decoupling capacitor.

6. The power module of claim 1, wherein the thermal
dissipation structure comprises an insulated baseplate.

7. The power module of claim 1, further comprising
conduction layer interconnection bonding technology.

8. The power module of claim 1, further comprising a
material with a high in-plane thermal spreading capability
between the substrate bottom conduction layer and the
thermal dissipation structure.

9. The power module of claim 1, further comprising using
lamination technology to reduce a stacked layer number of
the vertical power loop structure.

10. The power module of claim 9, wherein the lamination
technology comprises low-temperature co-fired ceramics
(LTCC).

11. A power module comprising:

a vertical power loop structure formed within a substrate
having a substrate bottom negative DC conduction
layer, a substrate top negative DC conduction layer, and
vias that provide an electrical interconnection between
the substrate bottom negative DC conduction layer and
the substrate top negative DC conduction layer that 1s
configured to reduce loop stray inductance in the power
module;

an AC trace disposed within the substrate;

a positive DC trace disposed within the substrate; and

an 1nsulated baseplate configured to provide electrical
insulation and thermal dissipation for the power mod-
ule.

12. The power module of claim 11, wherein the vertical
power loop structure comprises a plurality of traces that go
through a printed circuit board (PCB) inner layer of the
vertical power loop structure to reduce a power loop area.

13. The power module of claim 11, wherein the insulated
baseplate 1s disposed between the substrate bottom conduc-

tion layer and a cooling structure.
14. The power module of claim 11, wherein the vertical

power loop structure 1s a halt-bridge structure.
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15. The power module of claim 11, wherein the vertical
power loop structure comprises, 1n parallel, a plurality of
half-bridge structures each with one or more integrated
decoupling capacitors.

16. The power module of claim 11, further comprising 5
conduction layer interconnection bonding technology.

17. The power module of claim 11, further comprising a

material with a high in-plane thermal spreading capability
between the substrate bottom conduction layer and the

thermal dissipation structure. 10
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